INTRODUCTION
While energy demands keep rising, hydrocarbons are set to remain the core power source for the next 50 years although renewable alternatives and nuclear options evolve but are not sufficient to close the gap. 1 Depending on the major gas present in the system, both production and transmission steel pipelines can be subjected to sweet (CO 2 ) and sour (H 2 S) corrosion. 2 In the upstream oil and gas operations, CO 2 corrosion is shown to be responsible for the major degradation mechanisms and accounts for > 25% of safety incidents. 3 There is a current network of thousand kilometres of pipelines and transportation infrastructure across the UK and US and for these to operate efficiently, corrosion should be managed in an optimum way. The current primary mode of managing corrosion in oil and gas is the deployment of chemicals in batch or continuous treatments for a typical well and these imply not only huge operational expenditure but are also often harmful to the environment. As such, being able to reduce chemical deployment and engineer the corrosion product would present a paradigm shift in corrosion management.
Many environmental, physical and metallurgical influencing factors act interdependently to affect the formation of a protective FeCO 3 corrosion layer. [4] [5] [6] [7] FeCO 3 can develop as an amorphous or crystalline structure; in the latter case, it forms as a crystalline system which is identical to calcite scale 8 especially when both pH and temperatures are high. [9] [10] [11] FeCO 3 can reduce the corrosion rate (CR) to values that are 10 times lower, 12 when compared to the CR achieved when common CI are administered (Supplementary Table S1 ) but thus far, there has been no attempt to chemically modify its structure or adapt its density in-situ.
When the FeCO 3 film is partially removed, localised corrosion can initiate and such a scenario can be detrimental to the life expectancy of the transport installations. 13 Its stability can be breached by turbulent flow, 14 erosive wear 15 and pH instability. [16] [17] [18] Attempts have been made to increase the formation of FeCO 3 by the pH stabilisation technique, however this approach presents an inherent drawback that the bulk pH is modified, thus enhancing other flow assurance issues, mainly calcium carbonates (CaCO 3 ) and barium sulphates (BaSO 4 ) scaling. 19, 20 Advances in biomineralisation research shows how many organisms are known to drastically enhance the toughness of brittle ceramics, like calcium carbonate by adding just a few weight percentage of organic macromolecules. 21 To this regard, inhomogeneous distributions of nm-sized organic inclusions have been shown by small-angle X-ray scattering in individual calcitic crystallites extracted from specific mollusk shells thus creating an organic-inorganic material with enhanced mechanical properties. 22 To accommodate an inorganic matrix such as FeCO 3, which is the iron counterpart of calcite, a hybrid nanofiller could be used. Recently, focus on polyhedral oligomeric silsesquioxane (POSS) molecules as hybrid nanofiller ( Supplementary Fig. S1 ) have increased since they have proven to successfully incorporate various matrices. 23 The empirical formula of silsesquioxane is (RSiO 1.5 ) 2n where n is an integer and R is an organic compound. The inorganic part is Si 8 O 12 if n = 4 and it usually provides hardness and strength thus accounting for the molecular reinforcement due to the rigid Si-O bonds while the organic chains (-R) can span a whole range of chemistries in order to better adapt to the polymer and safe keep its elasticity, plasticity and rubbery ( Supplementary Fig. S1 ). 24 The new approach described in this paper focuses on growing FeCO 3 in CO 2 corrosion conditions at lower pH and temperature while maintaining a stable bulk pH. It relies on a solvent blending technique of a specific commercially available POSS molecule with the FeCO 3 film in order to obtain a hybrid corrosion film. This is the first known attempt to modify a corrosion product by in-situ reaction of an organic-inorganic hybrid material; it shows that FeCO 3 crystals can nucleate at lower temperature and bulk pH values than previously assumed. The work also describes the mechanical and electrochemical properties and the densification of the FeCO 3 film; mainly its higher localised corrosion mitigation and hardness and Young's modulus enhancement are characterised.
RESULTS

General corrosion rate evolution
When the temperature is equal of 60°C or below, it is difficult to form a fully protective crystalline FeCO 3 corrosion film (Supplementary Fig. S2) . 25 This observation is confirmed with the experiments ran at a pH of 6.6 and a 3.5% NaCl saturated with CO 2 as per Fig. 1a , where the evolution of the CR in a blank test for the first 40 h fluctuates around 3 millimetres per year (mm/yr). This stable corrosion behaviour is correlated with the absence of an FeCO 3 protective film (Figs. 2a and 3a) . The formation of FeCO 3 at the surface of steel is a heterogeneous surface crystallisation process; it is controlled by the high concentration of ferrous ions produced when the steel corrodes. The local chemistry at the interface is dictated by the environmental conditions and directly affects the growth kinetics of the FeCO 3 crystals. At the chosen conditions (60°C, pH = 6.6, CO 2 pressure = 0.8 bar, ionic strength = 0.82 Mol), the solution is undersaturated with an FeCO 3 bulk saturation ratio equal to 0.619 if computed as per Nordsveen et al. 26 and assuming that all the ferrous iron ions produced from the general corrosion process are dissolved in the bulk solution.
The addition of ferrous chloride (FeCl 2 ) is known to provide the required ferrous ions (Fe 2+ ) needed to reach the FeCO 3 supersaturation faster and thus facilitates the crystallisation of FeCO 3 . Nonetheless, the registered CR drop remains much slower if compared to tests where octa-ammonium POSS (OA-POSS) is added ( Fig. 1a) and this is explained by the FeCO 3 protective film growth (Figs. 2b and 3b) .
It should be noted that the CR only drops when the OA-POSS is administered after a pre-corrosion time of 2 h; otherwise the CR values remain stable over 98 h even when OA-POSS is dissolved at the start ( Supplementary Figs. S3 and S4 ). The CR reached values below 0.1 mm/yr in < 20 h (Fig. 1a) and this fast kinetic effect was followed up more closely by running a synchrotron in-situ X-ray diffraction (XRD) test which showed that the first FeCO 3 peaks appeared after 3.5 h as per Supplementary Fig. S5 . As expected when a protective FeCO 3 film is present and fully developed, the CR stabilises at values lower than 0.01 mm/yr.
The corrosion kinetics and FeCO 3 film growth vary with the OA-POSS concentration and it was observed that at 20 and 30 mg OA-POSS offer the best protection (Fig. 1b) . The corresponding CR drop overlaps with the thinnest FeCO 3 corrosion layers ranging between 4 and 5 μm (Fig. 1b) . The micrographs depicting the cross-sections from which the average FeCO 3 film thicknesses were estimated are shown in Supplementary Fig. S6 . A full description of the CR behaviour at OA-POSS loadings ranging from as low as 1 mg to as high as 100 mg are depicted in Supplementary Fig. S7 , where the OA-POSS is shown to be potent even at the lowest concentrations which are comparable to common CI dosage.
The drop in the CR previously described can be directly linked to the OA-POSS molecules playing the role of FeCO 3 -nucleating agents allowing the FeCO 3 to densify and consolidate much quicker than in the absence of OA-POSS. Such effect has been referenced before, when the POSS has been described to act as a weak-crosslinker by helping increase the crystallisation rate of POSS/polysiloxane elastomer composites. 27 Surface analysis using techniques such as XRD ( Supplementary Fig. S8 ) and scanning electron microscopy (SEM) (Supplementary Figs. S9 and S10) validate the establishment of the FeCO 3 crystalline corrosion film for all the range of OA-POSS concentrations tested. Moreover, regardless of the degree of protection, there appears to be a denser FeCO 3 layer when the OA-POSS loading is increased ( Supplementary Fig. S11 ). Localised corrosion effect Optical interferometry was used in order to assess the effect of OA-POSS addition on the pit distribution once the FeCO 3 layer is removed. As a reference, FeCO 3 film formed in the absence of OA-POSS was obtained via the addition of FeCl 2 (50 ppm). As such, Fig. 4a shows that the pits which grew under a naturally growing FeCO 3 layer are around 30 µm deep. On the other hand, FeCO 3 corrosion films grown in the presence of 30 mg OA-POSS appear to be more protective with regard to localised corrosion since the deepest pits are found to be around 6 μm (Fig. 4b) . If 20 mg OA-POSS is added, both the pit depth and pit count dropped drastically (Fig. 5a ). The tendency for localised corrosion to initiate and propagate is something that is extremely important for the lifetime of CS pipelines so the apparent reduction of localised corrosion afforded by the OA-POSS-derived FeCO 3 film could be very useful in mitigating CS localised corrosion phenomena. Vertical light interferometry 3D schemes are shown in Supplementary Fig. S12 and these depict two distinct morphologies when the surface beneath both naturally growing and OA-POSSaltered FeCO 3 films are compared. One explanation of the pit count drop could be linked to a much thinner FeCO 3 layer and containing smaller crystals which are known to provide better protection.
Hardness and Young's modulus enhancement The nanoindentation technique was used to compute the hardness and Young's modulus of the studied FeCO 3 films. The On the other hand, the Young's modulus of these films is also augmented by a factor of 4 from values ranging between 100 and 400 GPa and these are comparable to previously published data. 28 A higher Young's modulus is usually obtained after a reduction in the material's porosity and indicates higher mechanical flexibility. This mechanical enhancement of the OA-POSS FeCO 3 modified corrosion films can be attributed to the Si uptake from the silsesquioxane cage structure as shown from the inductively coupled plasma optical emission (ICP-OES) results. In fact the Si content in the hybrid FeCO 3 films varies between 1.5 and 2 ppm regardless of the OA-POSS concentration while the Si content in the naturally growing FeCO 3 film is as low as 0.2 ppm (Fig. 6a) .
The loading-unloading curves show that the depths values are scattered between 200 and 2500 μm, when the indentation is carried out on an FeCO 3 film which was grown in the presence of 50 ppm FeCl 2 , while these are condensed between 20 and 200 μm in the case of the OA-POSS modified FeCO 3 ( Supplementary Fig.  S13 ). The hardness and Young's modulus values observed in Fig.  5b are of interest since the hardness of the FeCO 3 grown in the absence of OA-POSS (0.65 GPa) is comparable to published mechanical properties of general corrosion products. Moreover, the enhancement introduced by the POSS addition is also in the same order of magnitude when various POSS entities are blended to commonly researched polymers, that is 3-10 times higher hardness and Young's modulus values. 29, 30 Increasing the hardness of the FeCO 3 film is important since it provides the required durability and the ability to resist environmental stresses such as erosive wear. 31 Having a higher ERP at medium OA-POSS loadings, the hybrid FeCO 3 is expected to be more rubbery and able to withstand various flow effects (Fig. 6b) .
DISCUSSION
The work proposed herein focused on building an inorganic/ organic/inorganic composite of FeCO 3 in-situ with silsesquioxane based nanoscale filler species. As the nanofiller is seen to provide better electrochemical results after a pre-corrosion period, it is assumed that the increased surface roughness will help the OA-POSS adsorb onto the carbon steel exposed surface as evidenced by the growth of the inductive loops as per the electrochemical impedance spectroscopy (EIS) data ( Supplementary Fig. 2b ). Once the hybrid nanofiller is available at the steel surface, it is postulated that it interacts with the FeCO 3 precursor, reducing the activation energy which is necessary for the crystal nucleation process to occur. Consequently, once the first set of FeCO 3 nuclei start showing, an interlacing hybrid FeCO 3 which is rich with OA-POSS on the CS side ( Supplementary Fig. S14g ) develops and provides a higher general and localised corrosion protection.
A detailed description of the assumed sequence of events is shown in Supplementary Fig. S15 . The positively charged ammonium groups on the OA-POSS side-chains adsorb to the negatively charged pearlite areas before being solvated with chlorides and working as sinks for the ferrous iron produced from the corrosion mechanism and thus raising locally its concentration and bringing the supersaturation value closure to the threshold which permit the first FeCO 3 crystals to start forming.
The present work shows that at specific conditions of pH and temperature where FeCO 3 films are known not to naturally evolve without further ferrous iron additions, OA-POSS which a hybrid organic-inorganic nanofiller accelerates the kinetics of formation and enhances the mechanical properties of the FeCO 3 corrosion layer. Furthermore, processes and effects have been characterised and the FeCO 3 films which develop in the presence of OA-POSS display better hardness and modulus properties, when compared with the naturally occurring corrosion layers while safekeeping their ERP values. The OA-POSS can actually assist in FeCO 3 crystals nucleation at a pH as low as 5 ( Supplementary Fig. S16) ; these results are very promising and it could be hoped that altering the nanofiller side-chains in a way that will help resist the acidic environmental hydrolysis of the siloxane Si-O-Si could prove very beneficial in order to grow FeCO 3 protective films at even lower pH values than the ones tested in this research. Information Fig. S1 ); OA-POSS is biocompatible 32 and being water soluble, it could be administered in the water phase as any industrial corrosion inhibitor (CI) since most transport systems are oil in water phases. OA-POSS is also positively charged due to the eight ammoniums side chains -R where -R is -CH 2 -CH 2 -CH 2 -NH 3 + Cl − , which enhances the electrostatic attraction with the negatively charged zeta potential 33 of the FeCO 3 or carbon steel at the chosen pH. The nitrogen groups in the ammonium moiety are known to be good etchants in a similar way to the nitrogen groups recurrently used in any generic CO 2 CI and the Si-group from the OA-POSS molecule core is known to have good sorption on many corrosion products. 34 The nanofiller was dissolved at different loadings in CO 2 saturated distilled water at 60°C before being added with a pipette after the CS X65 samples have been subjected to 2 h of pre-corrosion. The OA-POSS weight to be added was computed as if 3-5% by weight of the (FeCO 3 + OA-POSS) blend should be added to incorporate in a 50 μm thick FeCO 3 film since POSS moieties appears to be most efficient in these ranges. 30, 35, 36 Moreover, lower loadings similar to the ones used in CI administration in the order of the ppm were also tested.
METHODS
Nanofiller selection strategy
Electrochemical tests
Bubble tests 37 were run in static conditions and at atmospheric pressure with and without OA-POSS in order to assess the nanofiller effect on CR variation and to follow the topography of the corrosion film evolution. The brine with a 3.5% NaCl salinity had a volume of one litre, and the desired pH of 6.6 was buffered at the start via addition of anhydrous NaHCO 3 then monitored periodically thereafter and found to be stable for the experiment duration. The brine was saturated with CO 2 which was bubbled continuously at 0.54 bar until the end of the test. The material of choice serving as the working electrode in the electrochemical three electrode test setup was API-5L-X65 ( Supplementary Fig. S17 and Table  S2 ). These were 15×15×5 mm squared samples that have been wet-ground in sequence of 120, 320 and 600 grit emery papers, degreased in acetone and rinsed with ethanol after being cast in resin. It should be noted that free drift experiments were ran by dropping the pH gradually from a value of seven until the highest temperature (60°C) and pH (6.6) at which no CR drop was observed.
Electrochemical direct current (DC) and alternate current (AC) tests were carried out using an ACM Gill 12 potentiostat with a cell settle times of 5 min allowing for the OCP to stabilise between recurrent measurements. Tafel constants at the test start of blank and OA-POSS rich environments were computed by sweeping ± 300 mV from OCP at a scan rate of 10 mV/ min and these were equal to 20.27 and 24.92 respectively ( Supplementary  Information Fig. S12 ). Linear polarisation resistances used to extract general corrosion rates were set up as LPR sweeps between ± 15 mV from OCP at a sweep rate of 10 mV/min. Electrochemical impedance spectroscopy (EIS) tests were set at an excitation voltage of 10 mV scanning a frequency range comprised between 10 MHz and 4 mHz.
Surface analysis of corrosion products X-ray diffraction measurements were performed on a panalytical X'pert multipurpose diffractometers with a voltage of 40 kV and an intensity of 40 mA using dual copper Cu K α1+2 radiations with 10×10 mm programmable divergence slits. The diffractograms were registered on iron carbonate films in the angular region of 2θ = 20-50°at room temperature and all scans were carried out in continuous mode. Phase identification was accomplished via the X'pert related software, Panalytical high score plus. These angle ranges were found satisfactory as four main Bragg angles representative of the FeCO 3 crystals are in this range. In-situ synchrotron XRD characterisation shown in Supplementary information was carried out as described by Burkle et al. 38 Scanning electron microscopy was carried out on the CS samples using a Carl Zeiss EVO MA15 to assess coverage and topography of the FeCO 3 corrosion products. All micrographs were collected at an accelerating voltage of 20 kV and at a working distance between 8 and 10 mm.
Interferometry was used to measure the pit depths in alignment with ASTM G46-94 with an NPFLEX 3D interferometer in order to define the discrete geometry of pits on 1 mm 2 of the steel surface. Pits were identified after carefully selecting the thresholds with distinct pit depths, diameters and areas being quantified. The corrosion products were removed by rubbing them with Clarke solution 39 then rinsing with acetone and drying.
Mechanical properties determination
Nanoindentation tests were performed using the Nano Test (Micro Materials Limited, UK), with a Berkovich diamond indenter. For the purpose of statistics and reliability, 60 loading/unloading curves were made in each experiment to find the average results. All experiments were performed at a constant loading and unloading rate equal to 0.2 mN/s and to a maximum load of 1 mN (controlled maximum load). The hold time at maximum load was 20 s, and thermal drift correction was set at 60 s of holding period at 80% unloading. The unloading curves were used to derive the hardness and modulus values by analytical technique developed by Oliver and Pharr. 40 Elemental analysis
Induced coupled plasma was used to check for the silicon content in the iron carbonate corrosion films after dissolving those in 15% acetic acid. Each sample was diluted 10-fold in 1% nitric acid before analysis and the instrument was calibrated between 0.1 and 0.5 ppm Si, while the detection limit was determined from the instrument calibration curve to be 0.2 ppm Si. The precision of the analysis was determined by analysing one sample (2 mg OA-POSS) six times and calculating the 95% uncertainty interval while the accuracy of the analysis was determined by spiking one sample (2 mg OA-POSS again) with a known amount of Si, analysing if six times and calculating the recovery.
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